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Collaborative efforts in accelerator modeling

Collaborations —

MHD: N. Cook & J. Carlsson (RadiaSoft), P. Tzeferacos (Chicago)
Plasma: D. Bruhwiler, N. Cook, & S. Webb (RadiaSoft), R. Lehe, & J.-L.
Vay (LBNL)

Dielectrics:  D. Bruhwiler & N. Cook (RadiaSoft),
G. Andonian (RadiaBeam), F. Oshea (Trieste)

ML: J. Edelen, N. Cook, C. Hall, S. Webb (RadiaSoft)
K. Brown, P. Dyer (BNL), A. Edelen (SLAC)
Sirepo tfeam: R. Nagler, P. Moeller, M. Keilman & E. Carlin (RadiaSoft)

This work is supported by the SBIR program of the US Department of Energy (DOE), Office of Science
under Award Nos. DE-SC0018571 (BES);
DE-SC0013855, DE-SC0017690, DE-SC0018718, and DE-SC0018719 (HEP);
DE-SC0019682 (NP).



Outline

« Magnetohydrodynamics of plasma targets and lenses
— Channel formation for laser guiding
— Active plasma lenses
— Target shaping for laser plasma interactions

« Laser- and Beam-driven accelerator simulations
— Hybrid dielectric wakefield acceleration schemes
— Modeling of advanced ionization schemes
— Beam Plasma Interactions

« Controls Systems and Machine Learning
— Virtual diagnostics for electron phase space tomography
— Beamline modeling and optimization
— Controls interface leveraging EPICS
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Discharge capillary plasmas enable advanced concepts

Guiding of intense pulses:

« Generate parabolic
plasma channel
along capillary

 Maintain laser spot
over |Oﬂg dlSTO nces Vacuum focus Capillary exit Capillary exit Vacuum

z=0 cm z=20 cm (experiment) z=20 cm (simulation) z=5.4cm

Phys. Rev. Lett. 122, 084801 (2019)

Beam transport, focusing, and staging:
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Deconstructing a Capillary Discharge Plasma

« Narrow insulating tube with
conftrolled gas flow
— Hydrogen, Helium, Argon

(Gas out Gas out
— Length from ~1-30 cm i
Radius from ~0.1-1 mm

lGas in

. i - $ -
A.pplled voltage drives < ey =
d|schgrge Sapphire plates

— Vary density, voltage to adjust lGas in
« Many computational Complexities Figure Credit: Jens Osterhoff
— High Aspect Ratio

— High temporal resolution required
« Transport timescales (0.01-10 ps) are small compared to discharge (>100 ns)
« Magnetic field effects require explicit integration
— Time Dependent boundaries require special freatment
« Discharge representation influences choice of boundary conditions
» Electrical and Thermal conductivities must change self-consistently
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Magnetohydrodynamics modeling with FLASH

« Uniform, block-structured grid
— AMR with user-specified refinement
— Cartesian, Spherical, Cylindrical, Polar

« Solves 3T fluid evolution with convection

{ F(pei) + V - (peiv) + PV - v = p==(T, — T) }

— 1.000e-05

ax: 6

Min: 1.000e-05
@ 0.
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Tei
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« Dissipation via and heat exchange
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« Spitzer model describes plasma resistivity (and
thermal conduction)

427 ZeZm},/2 In A

un 5 s F(Z)
3 (4meg)?(kpT,)3/ 5
a8 By
« Electromagnetic fields defined on a Yee mesh b
— Secondary, uniform mesh overlapping fluid domain
— Divergence-free condition enforced 5 B,
— Explicit integration scheme / E,
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Capillary Benchmark Simulations in R-Z

redistribution
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— Rising, linear magnetic field profile
Phase ll: Conductive cooling at wall
— Nearly total ionization of gas

Phase lll: Steady state channeling

— Cooling af channel wall balances Ohmic
heating along cenfral axis

Parabolic channel formation due to thermal
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Modeling sub-channel formation via laser “heater”

« Proof of principle studies of laser deposition in pre-formed channel
— Gaussian laser, Ap >> L, produces collisional heating

« Forlarge pulse energies (~1 J), significant channeling observed, even
at large background densities

— p=8x10"cm?3—-p=4x10"cm3 reduction of spot size from 75 to <50 micron

— Density reduction scales laser intensity

electron density on axis
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Capfturing Nonlinear Current Distfributions

()
 Experimentally observed nonlinearities in - £ °4| yejium ol
. . . £ ==I
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Opftical plasma shaping for LPA targets

Laser deposition with pre-pulse for
flexible target shaping

density profile

no

n v+1
=

Controllable via pulse energy,
timing, focal positon

Symmetric, robust, reproducible

vy~=13—-14

Hydrodynamic modeling guides
choice of parameters!

/A\radiasoft

0.14

14

1.1 1.3

Main pulse a,

1.5

x108 b)

1.4

1.2

0.8

0

10"

lons / (MeV sr)
2

107

— H,, Epp=4 NI
— H,, E,p=23 mJ
— Hg, Epp=150 mJ_

Energy (MeV)

O. Tresca et al., PRL., 115, 094802, (2015).

ATF Science Planning Workshop—- 10/16/19

8 1m] |
4
0 3
-4
0 05 1 L5 2 25
z (mm)
3 \IOOmJ.
4
0
4
-8 /
0 05 1 15 2 25

y (mm)

z (mm)

()

Particle density (10" cm™

—
(=]

W

(=]

x10" cm?

10 mJ

100 mJ

N.P. Dover et al., J. Plasma Phys., 82, 415820101 (2016).

Applications for electron and ion
acceleration schemes

» Jons: Localize energy deposition
» Electrons: Localize injection

Complementary to existing schemes

(knife edge , gas jet, dual reservoir)
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Summary of MHD applications

Modern plasma technologies can benefit from MHD modeling

1. Aberration free active plasma lenses for beam transport

— Coupling of low-emittance LWFA beams to diagnostics, or for staging

— Choice of gas, discharge current, determine field strength and uniformity
2. Plasma channel formation for laser guiding

— Parabolic channel formation for a range of cenfral densities

— Laser “heater” for sub-channel formation enables small matched spot
3. Optical shaping of gas jets for laser plasma interactions

— Generation of narrow density spike through controlled pre-pulse

— Viable for over-dense interactions as well as localized injection schemes

We are actively developing MHD tools using the open-source FLASH
code to support design and simulation of capillary systems

— Continuing benchmark studies of capillary systems

— Cloud-based Ul for FLASH is in development
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Outline
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Modeling Dielectric and Hybrid Wakefield Accelerators

Structure-based acceleration for hybrid accelerator schemes
« Relaxed synchronization and trapping requirements

30

25 / wakefielc
20 /

O . ]
515;&/_,/

— €=3.8 |
9 4ol ’ ]
: — €=6.0 cathode lase
[T “E=120
Qo s 20 25 30
R =b/a Courtesy F. Oshea

PIC simulations are well suited to capture physics of such systems
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Modeling Novel lonization Schemes

. input pulse, a,~0.02
SSTF technique for plasma photocathode 40 5. S00

« Spatial and temporal chirp enable A T T

narrow region of peak intensity | i

« Superposition of Gaussian beamlets, l
spatially separated according to
cenftral frequency

Simulation is challenging electron -
beam driver u—;— é

« Multiple antennae, small resolution, /
good numerical dispersion are required holed off-axis
Resort to analytical propagation parabola |~ 5 Manahan et al. Phil
- Fast, high resolution, but not self-consistent Trans. A. 377 (2019)
SSTF Laser, beta:lo, t=-10 tau SST}F Laser, beta=10, t=0 tau SSTF Laser, beta=10, t=10 tau
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z (n)
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Before Focus - At Focus After Focus
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FBPIC - A Fourier-Bessel PSATD PIC Code

PSATD Algorithm presents unique advantages

Sources deposited in Cartesian, gridded real space
Apply Hankel fransform to a Fourier-Bessel eigenmode basis
Eigenmodes are analytically advanced
— NO ﬂumenco, Cherenkov Finite difference cylindrical, t=5251.1fs W ___ Spectral cylindrical, t=5337.0fs i
— No numerical dispersion w l l
. | — o ~ B o
For more details: : wg

Comp. Phys. Comm. 203, 66-82, LI I | fS

0010-4655 (2016). S wid | i ) | i d

FBPIC Implementation permits fast prototyping

Python interface accelerated using Numba JIT compiler
GPU implementation of all major features

Open source, available at: https://github.com/fbpic/fbpic
Also available at https://jupyter.radiasoft.org
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Calculation of Wake Functions from Loaded PWFA

Quantity Value
Calculation of m = 0 wake from 700000+ Tipe 4x10®%em3 —— -4.79
FBPIC simulation 6000004 \ Q drive 1.6 nC -5.03
S : o 3.65 pm 2
« Perform baseline simulation 500000 - r 12‘ iy — 557
. . . — g .
. } S
Infroduce short, low-charge = 300000 -
test bunch S
. o . 200000
« The difference in fields is o 100000 -
product of the wake functions
0_
6.0 -58 -56 -54 -52 -50 -4.8
kp X ({ =z —ct)
®" With Test Bunch ] Baseline o Wakefields
60 - 60 - 30 -
340 §~40 gzo
20 - 20 - 10 -
0 L \ ’ : . o . \ . . . . . ! i, . . . |
-6 -4 -2 0 2 -6 -4 -2 0 2 -5.75 -5.50 -5.25 -5.00 —-4.75 —-4.50 —-4.25 -4.00
kp(C=2z—ct) ko( =z — ct) kp({=2z—ct)
—-80 —-60 —-40 —20E [g\//m] 20 40 60 ¢ -80 —-60 —-40 —ZOEZ [g\//m] 20 40 60 80 -15 -1.0 -0.5 s, (E;SIV/m] 0.5 1.0 1.5
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Promising PIC applications for ATF

« Modeling structure-based acceleration is resource intensive

— Length-scale disparity between structure and beam is a boon for
experiment, but a blight for simulations

— Emphasize the adoption of novel techniques/architectures for speed
« Spectral solvers, Lorentz boosted frame, mesh refinement

— Conformal geometries may require development

* New ionization and injection schemes may require novel
simulation tools
— Analytical laser propagation coupled to plasma
— Low density operation improves fidelity of this approach

« Spectral or pseudo-spectral algorithms improve LPA fidelity

— Fast, low noise, free of numerical artifacts
« |deal for long timescale simulations

— Compute subtle withess beam effects
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Virtual Diagnostics for elecfron beam tomography

Low Energy Beamline (~25 m High Energy Beamline (~100 m : n :
gy Bea ( ) 9 9y € ( ) Trained on Simulation Data

| —— Measurements
—— NN Prediction

g e 3 3 3 5
2= - = =1 a
Low Eneray Transport

(20 - 50 Mev &) High Energy Transport & Test Line (40-300 MeV e') 12

cc1 cc2 Cryomodule (CM)
Spectrometer \ RFQ p” Source
Magnet
]

High Energy 4
10TA Ring Absorber 8
150 MeV e / 2.5 MeV p~
: 6
44

Virtual diagnostics emulate challenging and destructive measurements T B w0 T 1w 3 1w T 2w
Sample Number
— Simulation provides the bulk of training set '

—
o

&n.x [mm-mrad]

Trained on Simulation + Measured Data

— Leverage a small number of measurements to obtain good agreement o = Vessuremerss
«  Example 1: Predict emittance from FAST photoinjector o]
— Sample solenoid strength and gun phase §‘°'
— Determine downstream o from upstream conditions £°
«  Example 2: Evaluate longitudinal phase space from LEA beamline  * |
— Performance of TESSA undulator is sensitive to subtle variations resulting 24
from CSR, wake fields, and longitudinal space charge 5 250 500 750 1000 1250 1500 1750 2000
— Couple simulations and intercepting diagnostics to frain model for use e tmeer
during TESSA operation training
updates >
Strongly tapered undulator Amplified =~ measurements ‘ N P

/\ output pulse it S
Input seed pulse
— M diagnostic

e prediction
‘lm Decelerated e-beam .
High energy prebunched e-beam

Duris et al., New J. Phys. 17, 063036 (2015).
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Beam steering in the BNL ATR with Machine Learning

Neural-Network Inputs Neural-Network Outputs

L. . Real World Model Input
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Web-based controls toolkit for accelerators

 Interface between
machine conftrols DATA GATHERING & ALGORITHM TESTING DATA ANALYTICS

simulation,and ~~ --------ieeieo oo NUMPY/SCIPY | SCIKITLEARN
(Standard Tools) (Advanced Tools)

analysis COMMUNICATION PROTOCOL TO
PACKAGING AND DEPLOYMENT

SIMULATIONS

ACCELERATOR CONTROL SYSTEMS

 Deployed as a
Python module for SFICS ACKET

seamless workflow

MAD-X
ELEGANT
SYNERGIA

(Deliver Python modules that can be
integrated with operations)

BPM 1 oA BPM 2 oA BPM 3 oA BPM 4 oA

ot v « Display machine
. i . settings, beam
L Y (g position, and relevant
history
D B —_— .... = Toggle diagnostics an
R corrector settings

g
3
3
8
[mm]

* Integration with
machine learning,
optimization
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Opportunities for Machine Learning at ATF

« Beam (and laser) phase space reconstruction
— Diagnose photocathode phase errors
— Reduce TCAYV duty cycle for streak measurements
— Improve M2 measurement procedure

« Beamline tuning for fast reconfiguration
— Develop online models for tuning parameters
— Adjust laser parameters in response to environment

« Augment diagnostics laser-accelerated parficle beams
— Virtual interferogram for plasma density diagnostics
« Reduce demands on probe pulse repetition rate, synchronization

— Plasma temperature diagnostics
« Reconstruct laser absorption with non-intercepting diagnostics
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Many of these codes are accessible through Sirepo

« Sirepo is a cloud-based platform for scientific computing

« Supported Codes include:
— Particle Tracking: elegant, Synergia, Zgoubi,
— Radiation: SRW (Synchrotron Radiation Workshop)

— Particle-in-cell: Warp (Vacuum Nanoelectronic Devices + Plasma-
Based Accelerators)

— Electron Cooling: JSPEC .

« Advantages:
— No installation required
— Share you work with a simple link
— Archive and save simulations online
— Export files for command-line execution

« Try it out at https://sirepo.com/
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